Spin relaxation processes in metallic magnetic nanostructures are reviewed. First a brief review of the phenomenology of magnetic damping is presented using the Landau Lifshitz Gilbert (LLG) equations of motion. It is shown that the Gilbert damping in bulk metallic layers is caused by the spin orbit interaction and itinerant character of 3d and 4s-p electrons. Spin dynamics in magnetic nanostructures acquires an additional nonlocal damping. This means that a part of the magnetic damping is not given by the local Gilbert damping but arises from the proximity to other layers. Spin pumping and spin sink concepts will be introduced and used to describe the interface nonlocal Gilbert damping in magnetic multilayers. The modified LLG equation of motion in magnetic multilayers will be introduced and tested against the ferromagnetic resonance (FMR) data around the accidental crossover of FMR fields. The spin pumping theory will be compared to the early theories introduced in the 1970s for the interpretation of transmission electron spin resonance (TESR) measurements across ferromagnet/normal metal sandwiches.
INTRODUCTION
At the special occasion of 60 years anniversary of the ESR discovery by Professor Zavoyskii at the Kazan State University, it is timely to highlight some recent advances in ferromagnetic resonance. Magnetic resonance in general has played a crucial role in the development of new theoretical concepts in science and has contributed greatly to a wide range of important applications. Lately it is spintronics that changes rapidly the landscape of magnetism and electronics. Spintronics is now recognized as a wellknown new approach to electronics. In spintronics, multilayer ultrathin metallic structures play a significant role and the device functionality is primarily dependent on the electron spin. Spintronics and high-density magnetic recording employ fast magnetization reversal processes. It is currently of considerable interest to acquire a thorough understanding of the spin dynamics and magnetic relaxation processes in the nano-second time regime. The purpose of this paper is to review the basic concepts of magnetic relaxation with emphasis on metallic ferromagnets. From the beginning of the 1980s, magnetic multilayers have become a very active field of research with an unrestrained rate of progress. They provide a special case where dynamic interactions between the itinerant electrons and the magnetic moments in ultrathin films offer new exciting possibilities. The small lateral dimensions of spintronics devices and high-density memory bits require the use of magnetic metallic ultrathin film structures where the magnetic moments across the film are locked together by exchange coupling. Since spatial variations of the magnetic moment across the film thickness can be neglected, the description of magnetic dynamics can be greatly simplified and made more transparent.
LANDAU LIFSHITZ GILBERT (LLG) EQUATION OF MOTION
The spin dynamics in the classical limit can be described by the Landau Lifshitz Gilbert (LLG) equation of motion
where M is the magnetization vector, s is the unit vector in the direction of M, γ is the absolute value of the gyromagnetic constant, and α is the dimensionless damping coefficient which is given by (G/γM s ). The first term on the right-hand side of Eq. (1) represents the precessional torque and the second term represents the well-known Gilbert damping torque. G is the Gilbert relaxation parameter in s −1 and describes the rate in which the system relaxes toward equilibrium. M s is the saturation magnetization. The effective field H eff is given by the derivatives of the Gibbs energy density U, with respect to the density of magnetization components [1] [2] [3] [4] 
For small α, the Gilbert damping term can be replaced by the Landau Lifshitz (LL) damping expression
For small damping α, the two relaxation parameters are equal, λ ≈ G. Note that the right-hand side of Eq. (3) shows that the relaxation proceeds in the direction of the deviation of the instantaneous effective field from its projected component along the instantaneous direction of the magnetization. This means that the rate of approach to thermodynamic equilibrium is proportional to the thermodynamic force. It follows (see Eq. (2)) that the relaxation proceeds along the path of the steepest descent in Gibbs energy. The expression accompanying M on the righthand side of Eq. (3) is called the inverse transverse susceptibility. In neutron scattering studies, the relaxation processes are usually described by the Onsager relaxation constant [5] . For the transverse magnetization components, the LL and Onsager concepts of damping are equivalent, λ is equal to the Onsager relaxation constant.
INTRINSIC DAMPING IN METALS
Relaxation processes in metals are governed by spin orbit interaction. The spin-orbit Hamiltonian corresponding to the transverse spin and angular momentum components can be expressed in a threeparticle interaction Hamiltonian [6] 
where ξ is the coefficient of spin-orbit interaction, 
where τ is the momentum electron relaxation time which enters the conductivity of ferromagnet and δ is the Dirac delta function. There are two extreme limits:
(a) Intraband transitions (α = β): In this case, the denominator in Eq. (5) is mostly governed by the h/τ term, and consequently, the Gilbert damping is proportional to the electron momentum relaxation time τ, and hence, scales with the sample conductivity. (b) Interband transitions (α = β): Interband transitions are associated with the energy gaps ε α − ε β . The electron hole pair energy can be dominated by these gaps. For the gaps larger than the relaxation rate h/τ, the Gilbert damping is proportional to 1/τ, and consequently, it scales with the resistivity. In this case, the Gilbert damping is given by
where χ α p is the Pauli susceptibility for the Fermi sheet α and g α is the deviation of the g-factor from its purely electronic value g = 2.
High-quality crystalline metallic ferromagnets convincingly showed that the intrinsic damping in metals is caused by the itinerant nature of the electrons and the spin-orbit interaction [7] . The above-presented models were intended to highlight, in a simple way, the underlying physics of magnetic relaxations in metals. Detailed calculations can be often complex and not easy to penetrate. Quantitative calculations [6, [8] [9] [10] have shown that the spin-orbit interaction is indeed the leading mechanism underlying the intrinsic damping in ferromagnetic metals. Further, a detailed review of relaxation processes in metals can be found in [7] .
MAGNETIC RELAXATIONS IN ULTRATHIN FILM STRUCTURES
Magnetic multilayers provide a special case where dynamic interactions between the itinerant electrons and the magnetic moments in ultrathin films offer new and unusual possibilities. The nonlocal spin dynamics in metallic multilayers is an important research topic of magnetic nanostructures, and has much promise for spintronics applications. It has been shown in a number of recent experiments using either pillar shape nanoscopic samples [11] , or point contact geometries [12] , that the magnetization reversal and precession can be driven by a current flowing perpendicularly to the magnetic layers. Slonczewski [13] showed that the transfer of vector spin momentum accompanying an electric current flowing through the interfaces of two magnetic films separated by a nonmagnetic metallic spacer (magnetic double layer) can result in Gilbert-like torques. These torques lead, for sufficiently high current densities, to spontaneous magnetization precession and switching phenomena [14] .
NONLOCAL DAMPING
Tserkovnyak et al. [15] showed that the interface damping can be generated by a spin current from a ferromagnet (F) into adjacent nonmagnetic metallic (N) layers. The spin current is generated by a precessing magnetic moment in F, and was quantitatively evaluated using Brouwer's time-dependent scattering matrix [16] . It has been shown that a precessing magnetic moment surrounded by N layers can act as a spin pump. The resulting spin current in N layer is
where n is the unit vector along the instantaneous direction of the magnetic moment and g ↑↓ is interface mixing conductance in units of e 2 /h. The spin mixing conductance is given by the number of transversal channels which participate in the interface scattering. For a spherical Fermi surface, g ↓↑ is given by the Fermi vector k F in N layer [15] 
where n is the density of conduction electrons per spin. The spin-pumping was independently experimentally determined using Au/Fe/Au/Fe/GaAs(001) crystalline structures [17, 18] . The ultrathin Fe films which were studied in the single layer structures were regrown as a part of magnetic double layer structures. The 16Fe film (F1) was separated from the second 40Fe layer (F2) by a 40Au spacer (N). The integers represent the number of atomic layers. The magnetic double layers were covered by a 20 ML Au(001) layer for protection under ambient conditions. The thickness of the Au spacer layer was much smaller than the electron mean free path (38 nm) [19] , and hence, ballistic spin transfer between the magnetic layers was allowed. The interface magnetic anisotropies separated the FMR fields of F1 and F1 by a big margin (1 kOe) (see Fig. 3(a) ). That allowed one to carry out FMR measurements in F1 with F2 possessing a small angle of precession compared to that in F1, and vice versa. The FMR linewidths in singleand double-layer structures were only weakly dependent on the angle of the saturation magnetization with respect to the in-plane crystallographic axes. The 16Fe film in the single-and double-layer structures had the same FMR field showing that the interlayer exchange coupling [3] through the 40-ML-thick Au spacer was negligible, and the magnetic properties of the Fe films grown by MBE on well-prepared GaAs(001) substrates were fully reproducible. The FMR linewidth in the ultrathin films always increased in magnetic double layers. The additional FMR linewidth, H add , followed an inverse dependence on the thin film thickness d. Therefore, the nonlocal damping originated at the film interface. The linear dependence of H add on the microwave frequency for both the parallel and perpendicular configuration with negligible zero-frequency offset (see Fig. 1 ) has shown that the additional contribution to the FMR linewidth can be described by an interface Gilbert damping. The additional Gilbert damping for the 16Fe film was found to be independent on the crystallographic direction, G add = 1.2 × 10 8 s −1 . Its strength is comparable to the intrinsic Gilbert damping in the single Fe film, 1.45 × 10 8 s −1 . The layer F1 acts as a spin pump. The conservation of the total momentum in F1 then leads to an increased damping. However, one has to address the question how the spin current is dissipated away from F1. The answer can be found in the article by Stiles and Zangwill on "Anatomy of spin transfer torque" [20] . They have shown that the transverse component of the spin current in an N layer is entirely absorbed at the N/F interface. For small precessional angles, the spin-current generated by F1 is almost entirely transverse, and therefore, the N/F2 interface acts as a perfect spin sink (see Fig. 2 ).
The equations of motion have to be modified to account for spin-pumping and spin-sink. Each ferromagnetic layer acts as both the spin sink and spin pump. Nonlocal LLG equations of motion for two ferromagnetic layers separated by a N spacer can be written as
where M 1,2 are the vectors of the magnetization densities for layers 1 and 2, d 1 is the layer thickness of F1. The fourth term on the right-hand side corresponds to the spin sink term. Notice that only the component perpendicular to the magnetization is assumed to be absorbed. The longitudinal component is not included because its form depends on its spin dependent reflectivity coefficients at the F/N interfaces. For a small angle of precession, the longitudinal component can be neglected and the spin-sink term is given by the first term in the square bracket of the fourth term . These equations are perfectly symmetric. One can write similar equations for layer 2 by interchanging 1, 2 ⇔ 2, 1. The third term corresponds to the spin pumping which corresponds (in the presence of spin sink) to the additional Gilbert damping coefficient
where g is the electron g-factor and µ B is the Bohr magneton. Equation (9) can be tested by investigating the FMR linewidth around an accidental crossover of the resonance fields for F1 and F2 [18] . In this case, the resonant field of F2 approaches the resonant field of F1. When they reach the same resonant field then the rf magnetization components of F1 and F2 are parallel to each other. Each precessing magnetization creates its own spin current which is pumped across the N spacer (see Fig. 2 ). The electron mean free path in Au thick films is 38 nm [17] , and consequently, the spin transport even in a 40-ML-thick Au spacer is purely ballistic. At the same time, both interfaces F1/N and N/F2 act as spin sinks (see Fig. 2 ). It follows that the net flow of the spin current through each interface is zero and the additional FMR linewidth disappears, as illustrated in Fig. 3 . Notice that for the thicker layer, the damping first increases before it drops to its bulk value. This dependence is a consequence of the phase difference between the two precessing magnetic moments. Close enough to the accidental crossover, the precessions can be partly out phase and that leads to an enhanced Gilbert damping because the spin momentum absorbed by the spin sink changes its sign in Eq. (9) and contributes effectively to spin pumping resulting in an additional increase of the damping.
The importance of the phase of transversal magnetization components was well demonstrated in coupled magnetic bilayers. The acoustic FMR peak corresponds to the in-phase precession while the optical resonance mode correspond to the out-of-phase precession [3] . For example, in the bilayer 5Fe/12Cu/10Fe(001) grown on Ag(001) substrate, the Fe layers were coupled by an appreciable antiferromagnetic interlayer exchange energy, J = −0.2 ergs/cm 2 [21] . Calculations at 36 GHz using Eq. (9) have shown for J = −0.2 ergs/cm 2 that the optical peak is broadened by 200 Oe while the acoustic peak is only broadened by 36 Oe [23] . Experimentally, optical FMR peaks were always observed to be wider than the acoustic peaks. In the 5Fe/12Cu/10Fe sample, the measured optical peak was broadened by 500 Oe [21] . The above calculation indicates that approximately 50% of the broadening was due to spin pumping and 50% was caused by an inhomogeneous exchange coupling. Recently, Lenz et al. [22] studied spin pumping in non-collinear systems. Again, the spin pumping contribution was found more strongly presented in optical than that in acoustic modes of precession.
The quantitative comparison of the FMR measurements with the spin-pumping theory is very good [23] . First principles electron band calculations [24] resulted in g ↑↓ = 1.1 × 10 15 cm −2 for a Cu/Co(111) interface with 2-ML interface roughness (corresponding to that in experiment). By scaling this value to Au using Eq. (8) one obtains for a 16-ML-thick Fe film G pump spin = 1.4 × 10 8 cm −2 which is very close to the experimental value G pump spin = 1.2 × 10 8 cm −2 measured by FMR at RT. This is a very good agreement considering the fact that calculations of the intrinsic damping in bulk metals have been carried out over the last three decades and have not been able to produce a comparable agreement with experiment.
One has to be careful when interpreting the additional damping in multilayer films. Lattice defects in multilayer films can result in additional extrinsic damping. This can lead to an appreciable increase of the FMR linewidth which can be above that expected from spin-pumping. We have observed this behavior in Au/Fe/Pd/Fe/GaAs systems [25] . In these systems, the lattice mismatch between the Pd and Fe lattice spacing resulted in a self-assembled network of misfit dislocations. The lattice defects associated with misfit dislocations resulted in a large two magnon scattering contribution to the FMR linewidth. This additional FMR linewidth had a strong in-plane anisotropy (see Fig. 4 ) The black stars correspond to measurements using the magnetic double layer 20Au/40Fe/ 40Au/6Pd/16Fe/GaAs(001) structure. The black circles were obtained using the magnetic single layer 20Au/40Fe/GaAs(001) structure (no spin pumping). The FMR linewidth in the magnetic double layer structure has a strong anisotropy dependence as a function of the angle ϕ. The maxima and minima are along the 100 and 110 directions of Fe, respectively. Note that for ϕ 105 • and 165 • the FMR linewidth undergoes a rapid broadening and narrowing due to the accidental crossover of the FMR fields. It turns out that a large anisotropy in the FMR linewidth is not caused by spin pumping. It is due to two magnon scattering generated by magnetic defects around the network of misfit dislocations originated by a large lattice mismatch between Pd and Fe. Only a part of the total FMR linewidth corresponds to spin-pumping.
reflecting the symmetry of the misfit dislocation network [25] .
It is timely to compare spin-pumping theory with the studies carried out in the 1970s by Monod, Hurdequint, Janossy, and Silsbee. In their transmission electron spin resonance (TESR) studies using thick Cu slabs, a strong enhancement of the transmitted ESR signal was observed when a thin ferromagnetic layer of permalloy (Py) was deposited on one side of the Cu slab. This enhancement in the TESR signal was clearly caused by transfer of spin momentum from Py to Cu. The theory of spin transport was based on spin diffusion across the Py/Cu interface and inside the Cu slab [26] . The interface spin momentum transport into N metal was assumed to be given by
where δ m F,N represent deviations from the equilibrium for the ferromagnetic F and paramagnetic N layers. D is the spin diffusion coefficient in N and v F,N are the Fermi velocities in F and N. t F,N are the transmission probabilities across the interfaces from F to N and N to F, respectively. The boundary condition using spin-pumping theory for an equivalent case requires that the sum of the spin-pumping current and the backflow of spin momentum from N to F is equal to the flux of nonequilibrium spins away from the F/N interface. One can write (see [27] )
where n is the unit vector along the instantaneous direction of the ferromagnetic moment. This equation differs from Eq. (10) mostly by the first term describing the transfer of spin momentum to the N metal. Note that for a spherical Fermi surface and for g ↑↓ = k 2 F /4π the transmission probability t N = 0.25. The difference between the first terms can be better understood by rewriting the spin pumping current using Eq. (3). One can write
and therefore, Eq. (12) can be rewritten as
where m ⊥ and χ ⊥ are the transverse rf magnetization components and the transverse ferromagnetic susceptibility, respectively. h eff and h are the transverse effective fields in F and the rf driving field in N, respectively. Equations (12) and (13) are different, but now they are written in a similar form. In fact, the spin-pumping Eq. (14) is a correct way to treat non-equilibrium spin transport. The non-equilibrium spin currents are proportional to the relevant effective fields and not to the magnetization components. Clearly, the spin-pumping theory and the work done in the 1970s using the classical spin diffusion transport are related. However, the interpretation of the TESR data in the 1970s was based on an intuitive theory which had conceptional inadequacies. A correct treatment of spin diffusion theory for an arbitrary film thickness can be found in [27] . The spin-pumping theory puts the spin transport in metals on a solid basis with no adjustable parameters and ad hoc assumptions. It is also a richer concept. It is not constrained only to spin diffusion. It introduces the concept of spin current. In fact, that leads to a new type of spin dynamics in the ballistic limit. It provides a simple and powerful quantitative picture without adjustable parameters for nonlocal spin dynamics. One should realize that in the ballistic limit, one has to treat the propagation of the spin current in a quantum mechanical manner. An example is the spin sink effect. A complete cancelation of the reflected and transmitted components of the spin current at the N/F interface is the consequence of quantum mechanical superposition of the spin dependent reflection and transmission coefficients [20] . The concept of spin-pumping and spin-sink, as it was introduced in the last two years, is a new concept which was not envisioned in the 1970s.
Equation (12) allows one to estimate the nonequilibrium accumulation of the magnetization in N layer. For N layers much thinner than the spin diffusion length, one can ignore the right side of Eq. (13) . The accumulated magnetization in N is then by a factor of 10 −6 smaller than the transverse rf magnetization of F. Spin-pumping allows a new look at spintronics. One can, in principle, move information by spin current in GHz range of frequencies without accompanying the net transport of electric charge. This potentially represents a truly different approach to electronics than that employed in semiconductors.
